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A B S T R A C T

The inefficient charge separation is one of the major impediments to improve the overall power conversion
efficiency of the organic photovoltaics. Herein we demonstrate a new inorganic hole transporting materials for
organic photovoltaics. Cu2CdSnS4 hole transport layer was deposited by solution based approach in low
temperature by simple method. The thickness dependence of Cu2CdSnS4 hole transport layer on photovoltaic
performance of organic solar cells was studied in details. The hole extraction activity of Cu2CdSnS4 thin films
were compared with the reference PEDOT:PSS hole transport layer in the fabrication of P3HT:PCBM solar cells.

1. Introduction

Polymer solar cells (PSCs) have attracted tremendous research
interest worldwide owing to their advantages such as solution-proces-
sability, light weight, easy fabrication, low-cost, and mechanical flex-
ibility [1–6]. The performance of PSCs improves with the bulk
heterojunction formations, in which the electron donor (D) and
acceptor (A) materials are blended together to form interpenetrating
network between D-A for the adequate dissociation of excitons.
Moreover, solution-processed bulk heterojunction (BHJ) solar cells
deliver salient advantages includes, greater mechanical robustness,
simple blending, and better power conversion efficiencies (PCEs) [7].
One of the most prominent and well researched photoactive absorber
layer till date is a blend of poly (3-hexylthiophene) (P3HT) as an
electron donor and [6,6]-phenyl-C61-butyric acid methyl ester
(PC61BM) as an electron acceptor [8]. The basic organic solar cells
(OSCs) comprise of device structure consisting of a photosensitive layer
sandwiched between two metal electrodes, one of which is transparent
for the light to pass through. The interfacial buffer layers between the
electrodes and the active layer employs better transportation property.
Once the excitons in the active layer gets dissociated, generated
electrons and holes have to be properly transported to their respective
electrodes through the buffer layer. The poly(3,4-ethylenedioxythio-
phene): polystyrenesulfonate (PEDOT:PSS) is traditionally used for
anode interfacial buffer layer in the conventional PSCs due to its
pertinent advantages such as ease in processability, smooth surface
topography, and matching work function with HOMO of many donor-

type organic semiconductors [9]. However, the acidic and hygroscopic
nature of PEDOT:PSS makes the indium tin oxide (ITO) surface
vulnerable to degradation at elevated temperatures, inefficient elec-
tron-blocking performance, and thus negatively contribute to perfor-
mance and stability of PSCs under ambient conditions [10,11].
Therefore, a range of alternative hole transport layer (HTL) materials
have been investigated in an effort to address these issues. Hence, it
was long overdue to find an alternative and suitable hole transport
materials to replace PEDOT:PSS. Transition metal oxides, such as
nickel oxide (NiOx) [12], molybdenum oxide (MoO3) [13], vanadium
oxide (V2O5) [14] and tungsten oxide (WO3) [15] have been extensively
used as anode buffer layers. The photovoltaic devices from these HTLs
have shown improved device parameters than that of PEDOT:PSS.
However, the processability of these inorganic materials involves tricky
and knotty methods. These inorganic materials are insoluble in many
solvents and are usually deposited through vacuum techniques like
thermal or electron beam evaporation, sputtering or pulsed-laser
deposition. Substantially evaporation of the materials in high vacuum
tools is more expensive and more complicated than solution-based
approaches [16].

Since few decades, the stoichiometric Cu2–II–IV–VI4 (II=Zn, Cd,
Hg; IV=Si, Ge, Sn; VI=S, Se, Te) chalcogenide semiconductors have
shown potential applications in the field of photovoltaics [17,18] and
thermoelectric devices [19–22]. Like CZTS, Cu2CdSnS4 (CCTS) possess
large absorption coefficient, abundant availability and promising band
gap. Thin-films of CZTS can be deposited by various approaches, such
as sputtering [23], thermal evaporation [24], spray pyrolysis [25],
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chemical bath deposition [26], spin coating [19] and so on. The
solution based approaches are based one from hydrazine solution
[27], the sol–gel sulfurizing method [28], electro deposition using ionic
liquids [29], followed by annealing at a high-temperature. In this work,
we demonstrate the capability of using solution-processed CCTS
nanoparticles as a low cost inorganic p-type buffer layer between the
anode and P3HT:PCBM blend. From the practical point of view,
fabrication of CCTS layer also in line with the other layer of the
polymeric solar cell i.e. based on low temperature solution processed
method. The buffer layer thickness has been varied to assess how the
nanostructural nature of the CCTS effect on the cells' performance.
Along with crystal structures, morphologies, optical and photo re-
sponse properties of the as-prepared CCTS thin films were investigated
in details to explain and support our observations. This is possibly the
first time CCTS has been evaluated as a hole transporting material in
organic solar cells.

2. Experimental details

2.1. Materials and reagents

Copper nitrate hexahydrate (Cu(NO3)2·6H2O, > 90%), Cadmium
nitrate tetrahydrate (Cd(NO3)2·4H2O, > 90%), Tin chloride dihydrate
(SnCl2·2H2O, > 90%), Thiourea (CH4N2S, 90%), 2-methoxyethanol
and 1,2-dichlorobenzene are all of analytical grade and purchased
from Merck. The poly(3,4-ethylenedioxythiophene):polystyrene sulfo-
nate (PEDOT:PSS), the electron donor material poly(3-hexylthio-
phene) (P3HT) and electron acceptor material [6,6]-phenyl
C61butyric acid methyl ester (PC61BM) were purchased from Sigma
Aldrich. All the chemicals and solvents were used as received without
any further purification.

2.2. Fabrication of Cu2CdSnS4 precursor

The stock solutions were prepared in four different glass vials
consisting of Cu(NO3)2·6H2O (0.20 M), SnCl2·2H2O (0.15 M),
Cd(NO3)2·4H2O (0.15 M), CH4N2S (0.45 M) respectively by dissolving
in 2-methoxyethanol. Then in a beaker, SnCl2 solution was added drop
wise to the above 0.2 M copper nitrate solution under continuous
stirring followed by addition of thiourea solution and cadmium nitrate
solution at room temperature. The resultant solution was further
stirred for 1 h to obtain a homogeneous, colourless and transparent
precursor solution.

2.3. Device fabrication

The ITO coated glass substrate (20 Ω/▯) was used as a substrate for
the device fabrication. The schematic structure of the organic solar cell
is shown in Fig. 1. The substrates were cleaned in an ultrasonic bath
with DI water, acetone, methanol, and isopropanol to remove any dust
or organic residues present on the surface of the substrate. The
substrates were then blown dry using nitrogen and treated with
ultraviolet ozone (UVO) for 30 min to increase the wettabilty of the
surface. P3HT (electron donor material) and PC61BM (electron accep-

tor material) were weighed (1:0.8 w/w) and dissolved in 1,2-dichlor-
obenzene (DCB) in a nitrogen-filled glove box. The solution was stirred
at 45 °C for 15 h. The PEDOT:PSS solution was spin-coated at
3000 rpm for 60 s on the cleaned ITO substrates, followed by baking
at 120 °C for 20 min on a hot plate. A reference cell was fabricated with
PEDOT:PSS as hole transport layer. The CCTS solution was spin coated
on cleaned ITO substrates at 2500 rpm for 45 s, followed by baking on
a hot plate at 250 °C for 10 min in ambient condition. The thickness of
the CCTS thin films were increased by repeated spin coating and
annealing cycle. Sample A, Sample B, Sample C and Sample D were
named which corresponds to the single layer CCTS, double layer CCTS,
triple layer CCTS and quadruple layer CCTS respectively.
P3HT:PC61BM was spin-coated at 1000 rpm for 60 s inside the glove
box. Finally, the top metal electrode was formed through sequential
deposition of LiF (6 nm) and Al cathode (120 nm) was deposited using
thermal evaporator under vacuum (pressure: 5×10-6 mbar). A shadow
mask was used during thermal evaporation to define an active area of
0.5 cm2. The completed device was post annealed at 120 °C for 30 min
inside a vacuum chamber.

2.4. Characterizations

The surface topography of CCTS thin films were investigated by
atomic force microscopy (AFM) measurements with a NT-MDT
(Russia) in the tapping (semi-contact) mode. X-ray diffraction (XRD)
patterns were recorded by PANalytical (Netherlands) with CuKα
radiation of 0.154 nm. The morphology of Cu2CdSnS4 nanoparticles
were analyzed by high resolution transmission electron microscopy
(HRTEM) with JEOL 2100, Japan. The UV-Vis spectroscopy of CCTS
thin film was investigated with a Shimadzu UV-1800 (Japan)
Spectrometer. The current density-voltage (J-V) curves of organic solar
cells were measured using a Keithley 2450 source measure unit under
simulated 100 mW /cm2 illumination (AM 1.5 G) in air.

3. Results and discussion

Spin coated CCTS film exhibits very weak X-ray diffraction peak
because of less thickness. To understand the structural characteristics
of the deposited sample we deposited a thick film by drop-casting the
precursor solution on glass substrate. Fig. 2 illustrates the XRD pattern
of the drop casted films over glass substrate. The diffraction peaks in
XRD patterns can be indexed as those of cernyite structure of
Cu2CdSnS4 where the peaks at 2θ=28.1°, 32.5°, 46.6°, 55.3°, 75.2°
corresponds to the diffraction planes of (112), (200), (220), (312) and
(332) orientation respectively, according to JCPDS 29–0537. The
calculated diameter (D) of CCTS particles from the full width at half
maximum (FWHM) of the strongest diffraction peak of the (112) plane

Fig. 1. : Schematic Structure of the Organic Solar Cell. Fig. 2. : XRD patterns of Cu2CdSnS4 thin films.
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was about ca. 8.52 nm by Debye–Scherrer formula [30],

D Kλ βcosθ= ( )−1

where, K is a constant (0.9), λ is the wavelength of the X-ray source, β is
the full width half maximum (FWHM) of (112) peak and θ is the Bragg
angle of the (112) peak.

Fig. 3a illustrates the HRTEM image of CCTS particle collected
from the as deposited thin film. The size of the nanoparticles were
evaluated using Image-J software and were about 7–12 nm, which is
consistent with the value calculated from the XRD pattern. Fig. 3b
demonstrates the selective area diffraction pattern (SAED) of the
individual nanocrystal obtained from TEM analysis, showing the
nanocrystalline nature of the CCTS nanoparticles. Moreover, the
diffraction spot corresponds to the hkl planes (112), (114) and (116)
confirm the particles are of tetragonal structure (JCPDS 29-0537).

Fig. 4 shows the UV–Vis absorption spectra of the as deposited
CCTS thin films. From the absorption spectra, no distinct peaks were
observed where as a small hump was noticed at wavelength of around
380 nm. This hump shifts right to the higher wavelength with increase
in thickness. As known, CCTS is a direct band gap semiconductor [30],
so the band gap value can be estimated from the absorption spectra
according to the following equation [31].

αhν A hν E( ) = ( − )g
2

where, α is the absorption coefficient, A is a constant, Eg is the energy
gap and hν is the incident photon energy. The optical band gap is
deduced by extrapolating the linear portion of the (αhν)2 versus (hν)
plot (Fig. 5) to meet the hν axis. The calculated band gap values for 1
layer, 2 layers, 3 layers and 4 layers CCTS thin films are 1.65 eV,
1.60 eV, 1.35 eV and 1.35 eV respectively. The band gap value of CCTS
decreases with increase in the thickness as illustrated in Fig. 5. This
confirms with increase in the thickness of the layers the particles get
agglomerated and their size increases. From Fig. 4, it is also clear that
the absorption spectrum of CCTS thin films covers the entire visible
region which is optimum for the solar cell applications; also the
absorption increases with the increase in thickness. Probably absorp-
tion of light in CCTS layer produces extra charge carriers which can
contribute to light current of the solar cells [32]. So it is assumed that
along with the hole transporting property, CCTS also has incremental
contribution in photocurrent.

Atomic Force Microscope (AFM) images are used to analyze the
surface topography and particle size distribution of the as deposited
films. Fig. 6 manifests the 15×15 µm2 tapping mode AFM images of as
deposited CCTS thin films. The photovoltaic device performance
significantly depends on the surface roughness of buffer layer.
Greater surface roughness of a layers will hinder formation of an
intimate contact with the active layer which results in reduced charge

Fig. 3. HRTEM images of Cu2CdSnS4 nanoparticles (a) Morphology, (b) SAED pattern.

Fig. 4. Optical absorption spectra of Cu2CdSnS4 thin films of different thicknesses.

Fig. 5. Tauc plot for the band gap calculation (a) Band gap for 1 layer Cu2CdSnS4 thin
film=1.65 eV, (b) Bandgap for 2 layers Cu2CdSnS4=1.60 eV, (c) Bandgap for 3 layers
Cu2CdSnS4=1.35 eV, (d) Bandgap for 4 layers Cu2CdSnS4 =1.35 eV.
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transport efficiency through the interface, and as a consequence,
decreases the device performance. The average roughness (Sa) as
calculated for the sample single layer of CCTS thin film (L1), 2 layers
of CCTS thin film (L2), 3 layers of CCTS thin films (L3) and 4 layers of
CCTS thin film (L4) were 23.54 nm, 13.11 nm, 11.07 nm and 21.00 nm
respectively. L3 generate minimum surface roughness of 11.07 nm
implying a more uniform coating over the surface when compared to
L1, L2 and L4. Moreover, from Fig. 6, it was also clear that by
increasing the number of layers, the compactness of the thin film was
superior which may be due to filling of voids developed in the previous
layer with additional layers. However, with increase in the layer
thickness at one point, results in aggregation of the particles which
may deter the transportation of the charge carriers and reduce the
overall performance of the device. Thus, L3 was the optimum for the
use of CCTS as hole transporting layer here.

Fig. 7 illustrates the current density–voltage (J–V) characteristics
of the final organic photovoltaic devices under AM 1.5 G irradiance
with intensity of 100 mW/cm2. The short-circuit current density (Jsc),
open-circuit voltage (Voc), maximum power (Pmax), fill factor (FF),
and power conversion efficiency (PCE) of the OSCs with different CCTS
HTL thickness and standard PEDOT:PSS HTL are summarized in
Table 1. We notice that the PCE of the OSCs increases with increase in
CCTS thickness and then decreases significantly. Further investigations
reveal that no significant change in short circuit current density and
open circuit voltage; however, there are some differences in the FF. The
FF is mostly influenced by the nature of the films and their interfacial

properties. According to Table 1 PCE of OSCs with CCTS HTL is
comparable with standard PEDOT:PSS HTL. From the Table 1 it is also
clear that PCE of sample C with 3 layers of CCTS having thickness of
around 90 nm is higher compared to other samples. This increase in
efficiency may be due to the uniform film thickness and compactness
which generate optimum interface and improves the charge transfer
dynamics. In our study, we have chosen Cu2CdSnS4 as a HTL material
which has larger absorption coefficient of > 104 cm-1 and covers the

Fig. 6. AFM images of Cu2CdSnS4 thin film of different thicknesses (a) Layer 1 (L1), (b) Layer 2 (L2), (c) Layer 3 (L3), (d) Layer 4 (L4).

Fig. 7. : J–V characteristics of the OSCs under AM 1.5 G irradiance.
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entire visible region of the absorption spectra as shown in Fig. 4. The
interface between the HTL and active layer would have produce extra
exciton resulted in increase in photocurrent of the device. This nature
of HTL material is also expected to be the reason for increase in the FF.
As a conclusion, Cu2CdSnS4 HTL may be acts as both anode buffer
layer and secondary active layer.

Generally metal chalcogenides are more stable in ambient condition
than the organic materials. CCTS is the analogous compound of
Cu2ZnSnS4 (CZTS) and CuInGaS2 (CIGS). CIGS and CZTS are now
widely used as photo absorber materials for thin film solar cell. In
general manufacturer covers the warranty of the power output of these
solar cells around 20–25 years [33]. Whereas the life span of OSCs are
only few years [34]. Though the conclusions on stability of CCTS hole
transporting layer need some further study with proper encapsulated
device but we can predict the stability of the device with CCTS hole
transporting layer will be much more than the PEDOT:PSS hole
transporting layer.

4. Conclusions

In conclusion, we have successfully developed Cu2CdSnS4 thin films
over ITO coated glass substrates and used as a hole transport material
for the efficient transport of holes from the P3HT:PCBM blend to the
ITO anode. The performance of the device with PEDOT:PSS HTL and
Cu2CdSnS4 HTL has been compared. The effect of HTL morphology
plays vital role in charge transport and the use of photosensitive HTLs
assists with creation of additional excitons and contributes in improve-
ment of overall power conversion efficiency of the organic solar cells.
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